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ABSTRACT 
As asphalt pavements develop distresses, pavement preservation, maintenance, and 
rehabilitation treatments are used to mitigate distresses and extend the life of the pavement. 
Many of these treatments utilize asphalt emulsion. Previous research has linked particle size to 
material properties including viscosity and storage stability. General statements have also been 
made about particle size influencing emulsion performance while other researchers have 
identified a trend between particle size and prime coat penetration. Even though literature 
discusses the importance of particle size, there is little guidance on the best practices of asphalt 
emulsion particle size analyses, specifically with a Coulter counter. 
Data collected from eight emulsions was analyzed, and a recommended procedure for 
testing and analyzing particle size results using a Coulter counter was produced in the form of a 
draft ASTM specification. RStudio was used to identify correlations between particle size 
parameters and the additional tests. 
It is recommended to create three samples for each emulsion being tested and to test each 
sample three times. Each test should count at least 5,000 particles and a cumulative particle 
volume of at least 70,000 μm3. To provide values representative of the emulsion, the runs should 
be averaged together to represent the samples, and the samples should be averaged together to 
represent the emulsion. The ensure the runs are representative of the samples, the coefficient of 
variation of the mean particle size in the number basis should be less than 5%. The same is 
recommended for combining samples to represent the emulsion. 
Particle size graphs should be shown as volume % versus particle size and utilize a 
smoothing technique by averaging up to 7 data points together to create a less cluttered graph. 
 
 
Finally, the analysis using RStudio identified moderate correlations between the viscosity test 
and the mean, d10, d50, d90, span and standard deviation of -0.548, -0.565, -0.543, -0.574, 0.427, 
and -0.474 respectively. These correlations along with guidelines from a particle size analyzer 
manufacturer led to the recommendation of reporting the mean, d50, and span, in the volume 
basis, as final results to describe a particle size distribution. 
These recommendations and guidelines serve as a steppingstone to further research about 
the best practices of conducting particle size analyses on asphalt emulsions. The results should 
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Every day roads are utilized to transport people and goods safely and efficiently from one 
location to another. These trips range from short to long, and the loads carried on each trip range 
from light to heavy. Roadway types can be separated into three discrete types, flexible, rigid, and 
unbound pavements. Traditional flexible pavements, also known as asphalt pavements, are 
composed of aggregate and asphalt binder, while rigid pavements utilize aggregate, portland 
cement, and water. Unbound pavements lack a binding agent like asphalt binder or portland 
cement. Instead, these pavements rely on aggregate interlock as their sole means of structural 
capacity.  
Approximately 94% of the nation’s paved roadways utilize asphalt pavement surfaces 
(National Asphalt Pavement Association, 2020). The sheer fact that nearly all of our nation’s 
paved roadways use asphalt technology demands that research be conducted in order to provide 
the highest quality pavement surfaces and structures for the public who uses them.  
Various surface distresses appear on flexible pavements after exposure to the 
environment and after traffic has been allowed to utilize the road. These surface distresses are 
not structural deficiencies, but they affect the ride quality for the user. These surface distresses 
can include oxidation, raveling, and bleeding. Oxidation of the asphalt occurs due to oxygen 
interacting with the pavement. Raveling occurs due to stripping of the asphalt binder. If water 
enters the finished surface, the moisture can strip the asphalt binder off the aggregate. Without 
the cohesion provided by the asphalt binder, fines begin to wear away followed by coarse 
aggregate being worn off the surface. This leads to a rough pitted surface. If an asphalt mixture 




surface of the pavement. This is dangerous because it can cause a loss of texture in the pavement 
leading to cars losing traction with the pavement (Mallick & El-Korchi, 2018).  
As repeated traffic loads are applied to asphalt pavements, various distresses begin to 
appear. Two of the most common distresses in flexible pavements are cracking and rutting. 
Fatigue cracking develops after a pavement has been loaded repeatedly over a period of time to 
the point where the pavement fails through cracking. Thermal cracking can also occur due to 
temperature changes. Rutting occurs due to either localized subgrade failures or inadequate mix 
design. Either way, rutting is a safety issue due to the potential for ponding of water on the 
roadway leading to the possibility of vehicles hydroplaning. If these distresses continue to exist 
without any mitigation, the pavement will deteriorate at an accelerated pace.  
Pavements are commonly given a rating called a pavement condition index (PCI). The 
rating can range from 0-100, and it is based on the amount and severity of distresses present in a 
section of pavement. The number rating is then assigned a letter grade based on a predetermined 
range for each letter grade. The letter grades are the same as grades given in a typical class 
setting, A, B, C, D, and F. As stated before, if a pavement with distresses remains untreated, the 
pavement will continue to deteriorate, but the speed at which it does will increase drastically as 
time moves forward. This is shown in Figure 1. 
In order to prolong the service life of a pavement, pavement preservation and 
rehabilitation treatments are employed. Often times, these treatments utilize asphalt emulsions in 






Figure 1. PCI versus Time (Pavement Preservation & Recycling Alliance, 2020) 
Asphalt emulsions can be used for a number of different pavement preservation and 
rehabilitation treatments. These treatments can be split into 2 major categories, spray and mix 
applications. Mix applications can be divided further into non-structural and structural 
applications. Spray applications use spray trucks to add the emulsion to the surface being treated, 
and for some applications, aggregate is added to the surface. Mix applications involves an 
asphalt emulsion being mixed with an aggregate source. Table 1 summarizes the link between 
different pavement preservation and rehabilitation treatments and the application of the asphalt 
emulsion used for the treatment (Braham, 2017). More information about each treatment and the 
cost savings of utilizing these treatments is found in Kiihnl and Braham (2019). 
  


































Table 1. Asphalt Emulsions Pavement and Rehabilitation Treatments and their 
Application Type (Braham, 2017) 
Application Treatments 
Spray • Fog seal • Chip seal 
• Crack seal 
Mix (non-structural) • Slurry seal 
• Microsurfacing 
Mix (Structural) • Cold In-Place Recycling (CIR) 
• Full Depth Reclamation (FDR) 
 
One of the mix applications, CIR, is typically used to address aged and distressed 
pavement presenting structural distresses like cracks and ruts. It is important, however, that the 
aggregate base and subgrade layers are structurally sound at the time of treatment (Yeung, 2017). 
Performing the treatment on top of a failed aggregate base or subgrade would result in a 
premature failure of the CIR layer due to a lack in support. 
Cationic medium-set and cationic slow-set emulsions are often used in cold in-place 
recycling (CIR) treatments. CIR is a structural mix treatment that utilizes reclaimed asphalt 
pavement (RAP) mixed with portland cement, water, and asphalt emulsion to create a new 
stabilized pavement layer. The RAP is typically provided by millings from the top 3-4 inches of 
an existing asphalt pavement (Yeung, 2017).  
LITERATURE REVIEW 
Asphalt Emulsions 
A dispersion is a system of at least two phases that are not homogeneous when mixed 
together. An emulsion is a specific type of dispersion where all of the phases in the system are 




(O/W), water-in-oil (W/O), and water-in-oil-in-water (W/O/W). Asphalt emulsions typically fall 
into the first category, oil-in-water. An asphalt emulsion contains asphalt binder, the oil phase, 
dispersed into a soap solution, the water or aqueous phase. Soap solutions are a combination of 
water, a chemical emulsifier, and sometimes an acid or alkali (Braham, 2017). A representation 
of the final asphalt emulsion product is shown in Figure 2. 
 
Figure 2. Asphalt Emulsion Diagram (Braham, 2017) 
Grading of Asphalt Emulsions 
Asphalt emulsions are classified using a complex abbreviation system. The first letter 
represents the ionic charge on the emulsion droplets. Droplets either have a positive, cationic 
charge, a negative, anionic charge, or a neutral, nonionic charge. For a cationic emulsion, the 
designation of “C” is given, but for an anionic or nonionic emulsion, there is simply an absence 
of a letter designating the charge. 
The next designation is whether the emulsion is considered high float (HF) or not. A high 
float emulsion contains chemicals that cause the residue to act like a gel after the water has 
Liquid 1 (asphalt binder, “O”) 
Emulsifier 
Chemicals 




evaporated out of the system. This results in a thicker asphalt film on the aggregate (Asphalt 
Institute, 2008). 
The final component to the core of the emulsion grading system is the setting speed. The 
setting speed represents how fast the emulsion will break or set. The setting speed required 
changes based on the application of the emulsion. There are four major setting categories, rapid-
setting (RS), medium-setting (MS), slow-setting (SS), and quick-setting (QS). 
In addition to the three main components of the grading system, various designations are 
also added to further describe the emulsion. Regarding viscosity, a “1” is listed to indicate lower 
viscosity, and a “2” is listed for higher viscosities. For binder properties, an “h” is listed if a 
harder asphalt binder base is used, and an “s” is listed if a softer asphalt binder base is used. 
Finally, polymers and additives are added to asphalt emulsions to achieve certain qualities in the 
final product. These are identified by listing “P” if a polymer is added and “L” ifs latex is added 
(Asphalt Institute, 2008). 
An example of this grading system in action is a CHFRS-2P emulsion grade. The “C” 
identifies the emulsion as cationic, “HF” denotes it is high float, and “RS” recognizes the 
emulsion is rapid-setting. In addition to the first three terms, the “2” indicates it has a high 
viscosity, and “P” means it is polymer modified.  
Asphalt Emulsion Formulation 
Asphalt emulsions are prepared in two major steps. First, the soap solution is prepared, 
then the soap solution and asphalt binder are combined to make the asphalt emulsion. To 
determine the formulation of the soap solution, a manufacturer refers to a formulation sheet 




dosage and pH of the soap solution. From the recommended ranges, an emulsifier dosage and 
target pH are selected. Following selection of emulsifier, emulsifier dosage, and target pH, batch 
calculations are performed. 
The manufacturer first decides how much asphalt emulsion they want. The total amount 
is based on the type of test(s) conducted, number of replications, or simply based on the amount 
needed for a specific application. Second, the percent residue is determined. The percent residue 
is the percent of asphalt emulsion that is asphalt binder. The minimum percent residue required 
for each specific grade of emulsion is given in AASHTO M 208 (2018) for cationic emulsions, 
AASHTO M 140 (2018) for anionic emulsions, and AASHTO M 316 (2018) for polymer 
modified emulsions. Once the percent residue has been finalized, the remaining calculations can 
take place.  
Assuming the user wants 5,000 g of asphalt emulsion with a percent residue of 65%, 
3,250 g will be asphalt binder while the remaining 1,750 g of emulsion will come from the soap 
solution. For the soap solution, the dosage of emulsifier needs to be determined. Assuming the 
user wants an emulsifier dosage of 1.25%, the amount of emulsifier needed is 21.9 g. The dosage 
of 1.25% is by weight of the soap solution not by weight of the final emulsion product. Finally, 
the amount of water is determined. This is calculated by simply subtracting the weight of the 
emulsifier from the total soap solution weight. Thus, the amount of water needed would be 
1,728 g. 
To create the soap preparation using the procedure at the University of Arkansas, first, 




stirrer. Also attached are a pH probe and a thermometer. During this setup process, the pH probe 
is also calibrated to ensure accurate and consistent readings. 
To begin with the manufacturing process, two-thirds of the total water amount is added 
into the beaker. Warm water is used to assist the soaponification process when the emulsifier is 
added. Then the magnetic stirrer is turned on to approximately 400-500 revolutions per minute 
(rpm). The pH of the water is then adjusted to the predetermined level using either an acid or 
alkali. This depends on the charge of the emulsifier that is being used. Once the desired pH is 
reached, the emulsifier can be added. The pH is adjusted again to return the solution to the 
desired pH before adding the remaining water. Finally, the pH is adjusted for the final time to the 
desired pH. The solution mixes for at least 15 minutes, and the soap temperature is adjusted to 
approximately 55°C (130°F). 
While the soap solution is warming, the recirculating mill is warmed up by circulating 
water in the mill until the water temperature reaches approximately 60°C (140°F). Once the mill 
has been warmed and the soap solution is finished mixing, the soap is split into smaller beakers, 
one for each individual batch. For each batch, a final emulsion weight is determined, and the 
required amount of binder and soap needed to achieve a 65% residue is also recorded. Then the 
specified amount of soap is added to the mill. The mill is turned on, and the asphalt binder that 
was warmed to 132°C (270°F) is added at a steady stream, about the width of a #2 pencil, until 
the required weight is added. All binder is typically added within one minute. The mill runs for a 
specified amount of time then the emulsion is emptied into a high-density polyethylene (HDPE) 




Formulation Influences on Asphalt Emulsion 
Manufacturers have the ability to adjust various formulation parameters in order to 
change the final emulsion product. They can change the emulsifier, emulsifier dosage, pH, water 
characteristics, manufacturing temperatures, mill motor speed, residence time in the mill, and 
mill head gap among other variables. However, the manufacturer needs to understand how 
altering the formulation of the asphalt emulsion influences its material properties and 
performance. Multiple studies have been conducted to understand how altering the formulation 
parameters on an asphalt emulsion influences its performance and material properties.  
The type of emulsifier used in an emulsion has a strong influence on the charge and 
setting speed of an emulsion. Emulsifier chemicals are typically formed from natural fats, oils, 
and wood. They contain a hydrophilic head group and a lipophilic tail. Different combinations of 
different tails and heads results in various charges and characteristics for the final emulsion 
product (James, 1998). Having a strong chemistry background is helpful when trying to 
understand the influence of emulsifier composition and type on the characteristics of an 
emulsion. 
The amount of emulsifier used in a soap solution also affects the properties and 
performance of emulsions. Pang et al. (2015) studied the influence of emulsifier dosage on the 
rheological properties of emulsion residues. They discovered that increasing the emulsifier 
content also increases the viscosity of the emulsion and the modulus at a given temperature and 
frequency. It was also determined that having a higher emulsifier content led to an enhanced 




Ouyang et al. (2020) also investigated emulsifier dosage along with other formulation 
parameters. They also discussed the influence of emulsifier dosage on viscosity and ultimately 
the ability of an emulsion to penetrate an aggregate base for a prime coat application. They 
concluded that a high emulsifier content was preferred for emulsions used in prime coats because 
of its ability to penetrate effectively into the aggregate base. 
The pH of the aqueous phase has also been a major source of research. Xiao and Jiang 
(2013) evaluated the influence of pH values on the resulting emulsion’s physical properties 
including sieve amount, viscosity, residue ductility, residue penetration, and residue softening 
point, as well as the emulsion’s storage stability. While each emulsifier has a different optimum 
pH value, they concluded adjusting the aqueous phase pH would have significant influences on 
the emulsion’s residual amount on the sieve, viscosity, storage stability, and the residue’s 
ductility. It was concluded that the pH directly influences the emulsifier’s ability to disperse. 
This in turn affected the ability for the asphalt binder to emulsify and remain stable. 
Cui and Pang (2017) agreed with Xiao and Jiang’s conclusion that achieving an optimal 
pH value in the soap solution leads to good emulsion stability and performance. However, they 
attributed the pH influence to interfacial tension. They concluded that a high pH value led to 
lower interfacial tension which makes emulsification of the asphalt binder easier to accomplish. 
Continuing with chemical factors, Baumgardner (2006) discussed the presence of mineral 
impurities in water when used in the asphalt emulsion. To lower mineral impurities, an ion 
exchange needs to take place by adding sodium to replace the magnesium and calcium ions 
commonly found in the water. Neglecting this can lead to the emulsifier losing its emulsifying 




The manufacturing process can also affect the emulsion’s properties. The purpose of the 
mill is to introduce physical shearing energy to split the asphalt binder into small droplets. There 
must be enough energy to achieve proper particle size and distribution. Factors that affect the 
resulting emulsion include manufacturing temperatures, mill speed, residence time in the mill, 
and the gap between the rotor and stator (Baumgardner, 2006). 
Table 2. Summary of Conclusions from Studies on Asphalt Emulsion Formulation 
Influencers 
Study Parameter Investigated Main Takeaway 
James, 1998 Emulsifier type Emulsifier type changes charge and characteristics of emulsion 
Pang et al., 2015 Emulsifier dosage Higher emulsifier dosage increases emulsion viscosity 
Ouyang et al., 2020 Emulsifier dosage 
For prime coats, more emulsifier 
allowed for better penetration into the 
aggregate base 
Xiao and Jiang, 2013 pH of soap solution 
Each emulsifier has an optimum pH that 
controls the sieve, viscosity, residue 
properties, and storage stability 
Cui and Pang, 2017 pH of soap solution High pH led to lower interfacial tension 
Baumgardner, 2006 Water chemistry Ion exchange must happen to prevent the emulsion from losing its properties 
Baumgardner, 2006 Mill properties 
Manufacturing temperatures, mill speed, 
residence time, and mill gap can 






Particle Size Analysis (PSA) 
There are two broad categories of emulsions: macro-emulsions and micro-emulsions. 
Macro-emulsions are characterized by droplet sizes of microns while micro-emulsions contain 
droplet sizes of the nanometer scale. The reason behind this distinction is stability. Macro-
emulsions are thermodynamically unstable while micro-emulsions are considered 
thermodynamically stable (Goodarzi & Zendehboudi, 2019). Asphalt emulsions tend to be 
macro-emulsions. 
For many years, researchers have discussed the importance of asphalt emulsion particle 
size. In general, knowing the particle size of emulsions can assist in predicting the stability of an 
emulsion. Typically, the smaller the droplet size in an emulsion, the more stable the emulsion is. 
According to James (2006), the typical size of asphalt emulsion particles is 0.1-20 μm. Not only 
can droplet size influence stability, but it can also modify rheological properties of the emulsion 
(Goodarzi & Zendehboudi, 2019).  
Particle Size in Other Areas 
Particle size analysis has become a popular tool to characterize various materials in both 
civil engineering and other industries. One analyzer that has been used is a Coulter Multisizer, a 
specific model of a Coulter Counter that utilizes the Coulter method. In 1993, Ghosal et al. used 
a Coulter Multisizer to characterize fly ash size distributions. Their work used a wet-sieving 
procedure to separate different size particles then used multiple apertures in a Coulter counter to 
generate counts for each set of particles. They then combined the data from the different 




Members at the University of Arkansas have also conducted extensive research utilizing a 
Coulter counter. Zhang et al. (2013) used it to quantify biomass cell and polymer distribution in 
biofilms. Walden (2017) utilized the apparatus to count microbial culture cells, and 
Ghebremedhin (2019) used a Coulter counter to measure cell concentrations in a study 
concentrating on disinfection byproduct mixtures. 
Influencers of Asphalt Emulsion Particle Size 
Previous research has also explored the influence of formulation parameters on the 
particle size of asphalt emulsions. According to Baumgardner (2006), particle size of asphalt 
emulsions can be altered by formulation, raw materials, and equipment used to manufacture the 
emulsion.  
Emulsifiers play a large role in the success of an emulsion. The emulsifier’s duty is to 
reduce the interfacial tension to help the asphalt binder disperse within the water. Changing the 
emulsifier employed for the emulsion changes the surface activity in the emulsion. Liu et al. 
(2013) determined that emulsifiers with higher surface activity, led to emulsions with smaller 
average particle size diameters. They also concluded that increasing the dosage of the emulsifier 
reduced the average particle size diameter. Ouyang et al. (2020) arrived at the same conclusion 
that a higher emulsifier content reduces particle size. 
Baumgardner (2006) pointed out that particle size is mainly influenced by the mill and 
mill residence time. Gingras et al. (2005) studied the influence of process parameters on asphalt 
emulsions, and they discovered that the average particle size decreases as the mill rotor speed 
increases and as the emulsification temperatures decreases. This conclusion was supported by the 




Gingras et al. (2005) also focused on the asphalt concentration and its effect on particle 
size. They observed a decrease in droplet size as the asphalt concentration decreased. They 
attributed this interaction to the increased collision frequency of particles when the asphalt 
concentration is higher. However, Gutierrez et al. (2002) observed the opposite. They tested 
higher asphalt concentration amounts than Gingras, but still, their correlations did not match. 
More research could lead to better explanation, but it is clear the asphalt concentration has an 
impact on the particle size of the resulting emulsion.  
Table 3. Summary of Conclusions from Research on Formulation Influence on Particle 
Size 
Study Parameter Investigated Main Takeaway 
Baumgardner, 2006 General formulation Altered by formulation, raw materials, and manufacturing equipment 
Liu et al., 2013 Emulsifier dosage Increased emulsified dosage yielded smaller emulsion particle size 
Ouyang et al., 2020 Emulsifier dosage Increased emulsifier dosage led to smaller particle size 




Particle size decreased when mill speed 
increased 
Particle size decreased as residue decreased 





Particle size decreased when mill speed 
increased 
Particle size increased as residue decreased 
 
Influence of Asphalt Emulsion Particle Size on Emulsion Properties 
As mentioned earlier, a general rule of thumb for asphalt emulsion particle size is 




Particle size has been linked to important physical parameters including viscosity, stability, 
coating, break rate, and cure rate (Baumgardner, 2006; James, 2006). 
 
Figure 3. Example of a Particle Size Distribution of Asphalt Emulsion 
Meeting the specification limits for viscosity of an emulsion is important. An emulsion 
presenting a viscosity that is too low can result in runoff while the emulsion is being sprayed for 
an application like a chip seal. Use of an emulsion with too high viscosity can lead to pumping 
issues during the application process resulting in damaged equipment.  
The link between particle size and viscosity has been studied extensively. In the early 
2000s, a correlation was discovered between the asphalt emulsion particle size and the 
emulsion’s viscosity. As the mean droplet diameter increases, the viscosity decreases (Nuñez, et 
al., 2000; Gutierrez, Silva, Chirinos, Leiva, & Rivas, 2002). Buss et al. (2018) also noted that a 





















Not only can particle size influence physical properties, but it also can change the 
performance of the emulsion (James, 2006). In the case of Ouyang et al. (2020), smaller particle 
size led to better penetrative ability of asphalt emulsions for prime coat use. Hou et al. (2018) 
observed a correlation between the storage stability of an emulsion with its squared particle size. 
Table 4. Summary of Conclusions from Research on Particle Size Influence 
Study Parameter Investigated Main Takeaway 
Nuñez et al., 2000 Viscosity Smaller particle diameter, lower viscosity 
Gutierrez et al., 2002 Viscosity Smaller particle diameter, lower viscosity 
Buss et al., 2018 Viscosity Wider particle size distribution led to lower viscosities 
Ouyang et al., 2020 Prime coat performance Smaller particle size led to better penetration 
Hou et al., 2018 Storage stability Correlation between squared particle size and storage stability 
 
Emulsion Stability 
Emulsion stability is an important parameter to consider and monitor when producing an 
asphalt emulsion. The stability of an emulsion relates to the emulsion’s ability to remain 
dispersed. Over time, droplets begin to approach one another, however, a layer of emulsifier 
remains between the two droplets preventing the droplets from contacting. This is called 
flocculation. Flocculation is reversible by mechanical agitation. If steps are not taken to reverse 




droplets is compromised allowing the droplets to contact one another. During this process, water 
can become trapped within the new, larger droplet. Since there no longer remains a physical 
barrier between the emulsion droplets, the droplets cannot be separated (Braham, 2017). This 
progression is shown in Figure 4. 
 
Figure 4. Flocculation and Coalescence Process. Left: Stable Emulsion. Middle: 
Flocculation. Right: Coalescence.  
It is important for emulsions to remain stable until they are utilized for a specific 
application. They need to remain in their homogeneous state until the emulsion contacts the 
aggregate at which point the emulsion should break. Premature breaking can occur by pumping 
and transporting the emulsion, or it can stem from the chemical destabilization (Liu & Hou, 
2017; Boucard, Schmitt, Farcas, & Gaudefroy, 2015). 
There are many factors that influence the stability of an emulsion. The foundation of 
stability lies within the formulation of the asphalt emulsion. Altering the dosage of the 
emulsifier, pH level, binder content, and the manufacturing temperatures can all affect the 
material and chemical properties of the emulsions which in turn affect the stability (Pinto & 
Buss, 2020). 
Measuring Stability 
Traditionally the storage stability of asphalt emulsions has been determined using ASTM 




(2019). This method requires the evaluator to place 500 mL of emulsified asphalt in a glass 
cylinder and allow it to sit for 24 hours. After the 24-hour time period, a representative sample is 
taken from the top and bottom of the cylinder, and each sample is placed in a beaker. The two 
beakers are then placed in an oven at a high temperature for 3 hours. Upon completion of the 
burn off in the oven, the beakers are weighed, and the percent residue is calculated. The 
allowable difference between the two samples is 1% after the 24-hour settling period (AASHTO 
M 208-18, 2018).  
Destabilization of asphalt emulsions has been observed using particle size. Boucard et al. 
(2015) observed the changes in particle size distributions after adding a destabilizing electrolytes 
created from adding different salts to deionized water. The group used static light-scattering 
utilizing the Mie theory. As a result of adding the electrolyte to the asphalt emulsion, a change in 
the median particle size and the span of the particle size distribution changed. 
Wang et al. (2012) used laser diffraction technology to look at the stability of asphalt 
emulsions used in cement asphalt (CA) mortar. Their study transferred the stability focus away 
from a strictly gravitational settling viewpoint to a well-rounded view that also focused on 
flocculation and coalescence. Not only did they identify the potential of using particle size 
analysis to quantify stability, but they also identified storage temperature and emulsifier dosage 
as significant factors that affect stability. 
Particle Size Methods 
 There are various particle sizing methods that utilize different theories in order to 
characterize particle size distributions. These methods vary in the way they determine particle 




way. Some of the particle size methods include the electrical sensing zone method (Coulter 
method), laser diffraction, static image analysis, dynamic image analysis, and dynamic light 
scattering among others. 
A key part to particle size analysis, is how the method determines the size of a particle. It 
would be ideal but impractical to identify every dimension of a particle to properly characterize 
its volume and size. In order to simplify the process, an equivalent spherical diameter is 
determined based on the data captured by the analyzer. 
The means used to characterize a particle size distribution can vary depending on the 
theory used. This paper focuses specifically on the electrical sensing zone method and the laser 
diffraction method. 
Electrical Sensing Zone Method (Coulter Method) 
The Coulter Method was invented by Wallace H. Coulter in the late 1940s while working 
under contract with the United States Navy (Lines, 1992). Initially, the method was employed to 
count blood cells, but over time its use has been applied to other areas including colloidal 
suspensions, aerosols, and emulsions (Lines, 1992; Beckman Coulter, 2014).  
Out of the various particle sizing methods, the electrical sensing zone method is the only 
one that measures a particle volumetrically. To do this, the material being tested is suspended in 
an electrolyte solution. The homogenous solution is passed through an aperture, or orifice, in an 
aperture tube. The aperture tube resembles the appearance of a test tube with the exception of a 
small opening, the aperture, near the bottom of the tube. Within the tube, there is an electrode. 
Outside of the aperture tube, but within the sample container, there is another electrode with the 




electrodes, an electric current flows setting the baseline current level. As the particles flow 
through the aperture, a volume of electrolyte is displaced equivalent to the volume of the 
particle. The analyzer then detects a resistance in the electric current proportional to the volume 
of the particle. This results in an electrical pulse being recorded for each particle that passes 
through the aperture. Once the pulses have been recorded, an equivalent spherical diameter for 
each particle is calculated based on the volume recorded (Lines, 1992).  
 
Figure 5. General Aperture Tube Setup for Coulter Principle 
One of the potential downfalls of the Coulter Principle relates to the resistivity of the 
material being tested. However, this is rarely an issue unless the resistivity of the material is 
close to the resistivity of the electrolyte solution (Lines, 1992).  
Since there are many applications for a Coulter counter, the apparatus must be able to 
handle a wide range of particle sizes. The Coulter Principle relies on various size apertures to 
generate accurate results. Currently, apertures can range from 10 μm to 2000 μm, and each 
Electrolyte 





aperture typically sizes particles between 2% and 60% of their aperture opening diameter while 
some extend to measuring up to 80% of their opening diameter (Beckman Coulter, 2014). 
Because of these limitations, users must be careful when choosing an aperture for their analyses, 
or they must use multiple apertures to collect data covering the entire range of their material. 
A potential source of error when using the Coulter Principle is rooted in coincident 
particle passage. If the concentration of a material exceeds 10%, multiple sample particles can 
pass through the aperture at the same time or too close together resulting in the analyzer 
recording an inaccurate volume because the volume displaced is more than the volume of a 
single particle (Lines, 1992; Beckman Coulter, 2014). This error can unintentionally skew the 
particle size distribution towards the larger particles (Lines, 1992). 
Laser Diffraction 
Laser diffraction is the most used particle size analysis method used for asphalt 
emulsions. Laser diffraction utilizes a monochromatic light source, typically a laser, and detects 
particle sizes based on angular distribution and intensity of scattered light. As the light source 
meets the particle, it is scattered at many different angles. The scattered light then travels to a 
photo detector, where the numerical value corresponding to the scattered light is recorded. The 
recorded values are then converted into a particle size distribution. Similar to the Coulter 
Principle, laser diffraction takes the recorded particle size distribution and converts it to a 
distribution of equivalent spherical particles that would match the scattering pattern recorded 




The most used theory in laser diffraction is the Mie-theory. The Fraunhofer diffraction 
theory is also used, but due to its lack of ability to give accurate results besides small angle 
forward scattering, it is less popular (ISO 13320:2020, 2020).  
Table 5. Summary of the Electrical Sensing Zone and Laser Diffraction Methods 
Electrical Sensing Zone Method 
(Coulter Method) 
Laser Diffraction 
Summary: Measures particle volume by 
detecting a resistance in an electric current 
 
Summary: Determines particle diameter based 
on the scatter patterns of a light beam 
 
Pros: 
• Measures particles volumetrically 
• Not necessary to know any optical 
property of the material 
Pros: 
• Popular and accepted in the asphalt 
emulsion industry 
• Relatively fast test 
 
Cons: 
• Potential coincident counting 
• Aperture Blockage is possible 
 
Cons: 
• Must have knowledge of the 
material’s optical properties 




Other methods for particle size analysis include static image analysis, dynamic image 
analysis, and dynamic light scattering. Static image analysis is most commonly used for 
powders. Static image analysis utilizes a microscope and digital camera to gather images of 
samples on slides. The images are filtered to separate the particles in interest from background 
particles present on the slide. Once this has taken place, the particles can be analyzed to produce 
a particle size distribution (Horiba Instruments, 2012).  
Dynamic image analysis uses many of the same processes as static light scattering with a 
few exceptions. First, the sample is moving during the analysis. The sample is dropped in front 




are used. The basic camera captures large particles while the zoom camera focuses on fine 
particles. The images captured from the two cameras are then used to produce a particle size 
distribution (Horiba Instruments, 2012). 
Dynamic light scattering takes a sample suspended in water, and the sample is subjected 
to random thermal motion. A laser is then passed through the sample, and the scattered light is 
collected by detectors. The random changes due to the random motion of the particles is 
converted to particle sizes, and a particle size distribution is created (Horiba Instruments, 2012). 
Interpreting Particle Size Results 
Advanced particle size analysis software produces a multitude of results including mean, 
median (also written as d50), mode, d10, d50, and d90. The results of d10, d50, and d90 refer to the 
particle size at which 10%, 50%, and 90% are smaller, respectively. These results can be 
represented in different formats: number, volume, and surface area. While one might be inclined 
to represent a particle size distribution with only one number like the mean or d50, it is advised to 
not do so (Horiba Instruments, 2012). A better option is to use a single value like the mean or d50 
and also use either multiple numbers to describe the entire distribution like d10, d50, and d90, or 
use those numbers to calculate a representative value of the distribution like the span. The span is 
calculated using the following equation from Horiba (2012): 




 While the span itself is only a single value, it uses three values in its calculation helping 
describe the entire distribution. This is primarily used to represent the tightness of a particle size 




Number versus Volume 
There are two primary ways of showing particle size data. The data can be shown in the 
number basis and volume basis. Both have their advantages depending on the application of the 
distribution data. Typically for asphalt emulsions, the best way to represent the distribution is 
volume basis.  
Horiba (2012) and Beckman Coulter (2014) use the following concept to explain the 
importance of viewing distributions through the volume lens. Suppose there are nine particles in 
a particle size distribution. 3 particles are 1 μm in diameter, 3 particles are 2 μm in diameter, and 
3 particles are 3 μm in diameter. On a number basis, each particle size represents an equal 
percentage of the distribution. However, on a volume basis, the 1 μm particles have a total 
combined volume of 1.56 μm3, the 2 μm particles have a total combined volume of 12.6 μm3, 
and the 3 μm particles have a total combined volume of 43.2 μm3. Using these values, the 1 μm 
particles contribute 2.8% of the total volume, the 2 μm particles 22% and the 3 μm particles 
75%. Comparing the results based on number and volume, there is a large variation between the 
percent by number and percent by volume. Therefore, it is important to distinguish which basis is 
being used to represent a particle size distribution. 
MATERIALS AND METHODS 
Eight emulsions were manufactured for the experiment. Each emulsion formulation was 
different, and six of the eight emulsions were designed outside of its recommended ranges. The 
remaining two emulsions, Prop. CSS and Comm. CMS, were created using the average values 
from the ranges provided in the formulation sheets and a mill time of 30 seconds. Table 6 




used. Table 8 is a list of the emulsions that were created, and the key for the sample is provided 
in Table 7. 
Table 6. Formulation Sheet Information 
Emulsifier Dosage pH Range 
Commodity CMS 0.25-0.35% 2-4.5 
Proprietary CSS 0.8-1.5% 2-7 
 








Table 8. Emulsion Formulations 
Sample Emulsifier Dosage (%) pH Mill Time (s) 
CSS_DH_PH_MH Prop. CSS 1.75 No Acid 45 
CMS_DH_PH_ML Comm. CMS 0.45 5 15 
CSS_DL_PL_MH Prop. CSS 0.55 1 45 
CMS_DH_PL_MH Comm. CMS 0.45 1 45 
CSS_DL_PH_ML Prop. CSS 0.55 No Acid 15 
CSS_DH_PL_ML Prop. CSS 1.75 1 15 
Prop. CSS Prop. CSS 1.15 4.5 30 
Comm. CMS Comm. CMS 0.3 2.75 30 
 
The emulsions were evaluated at four time intervals over a 7-day period by conducting 
the tests at 2-hours, 1-day, 4-days, and 7-days after manufacture of the emulsion.  In addition to 
conducting particle size analyses on the emulsions, several other tests were performed. The tests 




• Rotational viscosity 
• Raveling 
• Indirect tensile (IDT) strength 
In addition to the tests at the four testing intervals, two quality control tests were 
conducted immediately following the manufacture of the emulsion. They were the sieve test and 
residue test. 
Manufacturing Asphalt Emulsion 
The process for manufacturing asphalt emulsion was divided into two large steps. First, 
the soap solution was prepared, and second, the soap solution and asphalt binder were combined 
in a mill to produce the asphalt emulsion. 
Formulation Calculations 
As mentioned before, the majority of the formulation calculations revolve around the 
percent residue. Guidelines for minimum residue percentages are set forth by AASHTO M 140 
(2018) for anionic asphalt emulsions, AASHTO M 208 (2018) for cationic asphalt emulsions, 
and AASHTO M 316 (2018) for polymer modified asphalt emulsions. According to AASHTO M 
208 (2018), the minimum percent residue for a CMS emulsion is 65% while the minimum 
percent residue for a CSS emulsion is 57%. In order to maintain consistency, a percent residue of 
65% was selected for both emulsions. Table 6 provides the information supplied by the 
formulation sheets that came from the emulsifier supplier. 
The following example provides the calculations for creating the emulsion for PB Order 
2. According to Table 8, creating the emulsion for PB Order 2 requires the emulsifier for CMS 




 The benchtop recirculating mill that was used for manufacturing could produce asphalt 
emulsion batches of 800-1,000 g. In order to create enough asphalt emulsion to conduct all of the 
required tests, allow for repeated tests, and account for emulsion sticking to the sample 
container, five batches of 850 g were created for each emulsion resulting in a total amount of 
4,250 grams of emulsion. 
Using the final emulsion amount of 4,250 g, the amount of asphalt binder required was 






B = Binder mass (g) 
R = Residue (%) 
F = Final emulsion mass (g) 
This resulted in 2,763 g of asphalt binder required for the asphalt emulsion. 
Next, the amount of soap solution needed was calculated using Equation 3. 
𝑆𝑆 = 𝐹𝐹 − 𝐵𝐵 (3) 
where: 
S = Soap solution mass (g) 
F = Final emulsion mass (g) 




The result of Equation 3 was 1,487 g of soap solution required for the asphalt emulsion. 
Then the mass of the emulsifier required was calculated using Equation 4. 
𝐸𝐸 = 𝐷𝐷 ∗ 𝑆𝑆 (4) 
where: 
E = Emulsifier mass (g) 
D = Emulsifier dosage (%) 
S = Soap solution mass (g) 
Using Equation 4 to calculate the amount of emulsifier needed in the soap solution resulted in 
6.7 g of emulsifier. 
Finally, the mass of water needed for the soap solution was calculated using Equation 5. 
𝑊𝑊 = 𝑆𝑆 − 𝐸𝐸 (5) 
where: 
W = Water mass (g) 
S = Soap solution mass (g) 
E = Emulsifier mass (g) 
The amount of water need for the asphalt emulsion was calculated to be 1,480 g by using 
Equation 5. It is worth noting the acid amount was not accounted for in these calculations 




Once all the calculations were completed, batch calculations were performed. The 
amount of asphalt binder and soap solution needed for each batch was calculated by taking the 
total amount of asphalt binder and soap solution required and dividing it by the number of 
batches. Creating 5 batches resulted in 552 g of asphalt binder and 297 g of soap solution. The 
calculations are summarized in Table 9. 
Table 9. Formulation Calculations Summary 









Total 4,250 2,763 1,487 6.7 1,480 
Batch 850 552 297   
 
Soap Solution Manufacture 
Once the calculations were performed, the soap solution manufacturing commenced. To 
begin, a 4,000 mL beaker with a magnetic stirring bar was placed on a hot plate equipped with a 
magnetic stirrer. A Fluke contact thermometer and a VWR symphony Meter model SB70P were 
arranged to take continuous temperature and pH readings of the soap solution. The setup is 





Figure 6. Soap Solution Mixing Setup 
The mixing process began by adding 2/3 of the total amount of water needed to the 
beaker. Warm to hot tap water was used. The hot plate was turned on, and the temperature was 
set to 50°C. The magnetic stirrer was also turned on and set to approximately 400-500 rpm.  
Next, the pH of the water was adjusted to the target pH using hydrochloric acid. For the 
CSS emulsifier, the hydrochloric acid was diluted to 50% of its original strength with water. This 
allowed for better control of the pH of the solution. Previous work within the local lab using this 
emulsifier showed high sensitivity to the original strength of the hydrochloric acid. The dilution 
was performed by filling a glass jar with water until it was half-full then filling the remaining 
space in the jar with the HCl. The hydrochloric acid was not adjusted for the CMS emulsion. 
At this point, the temperature for the solution was checked to make sure it was above 




activate, or saponify (Baumgardner, 2006). Once the water temperature had surpassed the bottom 
limit, the emulsifier was added. 
To wrap up the soap solution manufacturing process, the pH was adjusted again to the 
target pH level, the remaining water was added, and the pH was adjusted once more to the target 
pH. The solution mixed for an additional 15 minutes until being split into smaller beakers for 
each batch for the emulsification process. 
Milling Process 
Unmodified PG64-22 asphalt binder was employed for asphalt emulsion manufacture. 
Two hours before the planned start time of the emulsification process, the asphalt binder was 
placed in an oven at 330°F. The asphalt binder was in quart-sized tin coated steel cans to allow 
for easy handling during the emulsification process. 
While the soap solution was mixing for 15 minutes, the recirculating mill was warmed up 
using water. Warm water was placed into the mill, and the mill was turned on. The water 
circulated until the water temperature rose to approximately 140°F. The water temperature was 
measured using a Fluke handheld laser thermometer. Once the water reached the desired 
temperature, the recirculating valve was turned to direct the water through the exit line of the 





Figure 7. Recirculating Mill 
Before placing the soap solution and asphalt binder into the mill for emulsification, the 
temperatures necessary for each component was calculated. According to Baumgardner (2006), 
the exit temperature of the emulsion should not exceed 212°F because the emulsion will begin to 
boil. Therefore, the following equation was used from Baumgardner (2006). 
𝐸𝐸𝐸𝐸 =
(𝐴𝐴𝑊𝑊 ∗ 𝐴𝐴𝐸𝐸 ∗ 0.5) + (𝑆𝑆𝑊𝑊 ∗ 𝑆𝑆𝐸𝐸 ∗ 1.0)
(𝐴𝐴𝑊𝑊 ∗ 0.5) + 𝑆𝑆𝑊𝑊
(6) 
 where: 
 ET = Emulsion temperature (°F) 
 AW = Asphalt binder weight (%) 




 SW = Soap solution weight (%) 
 ST = Soap solution temperature (°F) 
After multiple iterations, the final concluding temperatures were 270°F for the asphalt binder and 
130°F for the soap solution.  
The proper amount of soap solution was then added to the mill at approximately 130°F. 
The asphalt binder was retrieved from the oven and allowed to cool to 270°F. When the asphalt 
binder had reached the desired temperature, the mill was started, and the soap solution circulated 
for 5-10 seconds. Then the asphalt binder was added in a steady stream, about the size of a #2 
pencil. The asphalt binder took approximately one minute to add to the mill. While the asphalt 
binder was being added, the emulsion was stirred with a glass rod to assist in the mixing of the 
binder and soap solution. Once the proper amount of asphalt binder was added, a timer was 
started for the mill time. The emulsion circulated in the mill until the mill time was completed. 
The mill was turned off, the valve was turned to allow the emulsion to go through the exit line 
into a high-density polyethylene (HDPE) container. The mill was restarted to assist in the 
emptying process. Once the mill was emptied, the remaining batches were manufactured. All 
emulsion batches were placed in the same HDPE container for storage. They were stirred with a 
glass rod to effectively mix all of the emulsion batches together. 
The milling process requires at least two people to operate. Operator 1 is responsible for 
adding the proper amount of soap and asphalt binder to the mill as well as controlling the 
recirculating valve while Operator 2 is responsible for managing the mill power switch, stirring 




Following the completion of all batches, a cleaning process was conducted on the mill. 
Warm water with dish soap added was poured into the mill, circulated for one to two minutes, 
then emptied into a waste container. This process was repeated until it appeared the mill was 
running smoothly without any asphalt binder clogs. Then warm water was circulated to remove 
the dish soap from the system followed by emptying into the waste container. This process was 
repeated until the water appeared clear without dish soap present. 
The cleaning process is vital to the success of the next emulsion produced in the mill. If a 
large amount of asphalt binder is left behind in the mill, the binder will solidify and prevent the 
mill rotor from spinning freely. Many times, if the mill was not properly cleaned, extensive 
cleaning had to take place. Extensive cleaning required using a propane fueled torch to externally 
increase the temperature of the mill head to liquify the asphalt binder inside. If heating with the 
torch did not work, WD-40 had to be added through the hopper to help free the binder from the 
mill. This should be avoided as much as possible because residual WD-40 could be left behind 
after cleaning and become mixed with the asphalt emulsion affecting its properties. Finally, if the 
first two attempts could not successfully clean the mill, then the mill had to be taken apart and 
cleaned by hand with WD-40. 
Test Methods 
Following the manufacturing of an asphalt emulsion, tests were conducted to determine 
properties regarding application and performance. The following sections explain several tests 




The first two tests conducted were quality control tests to determine the percent residue 
of the emulsion and the percentage of oversized particles in the emulsion. The remaining tests 
were used to evaluate the material and performance properties of the emulsions. 
Residue Test 
The residue test (ASTM D6934-08, 2016) is a standard test for determining the amount 
of asphalt material in an asphalt emulsion. This test verifies that the target residue value was 
achieved during manufacture. If the test result differs from the planned percent residue, then 
there is a possibility formulation errors occurred which can lead to emulsion instability (Braham, 
2017). 
The test has two procedures for determining the percent residue. Procedure A, a faster 
method, is used when the residue does not require further testing while Procedure B is followed 
when additional testing of the asphalt residue is required. Since the residue did not require 
further testing for this research, Procedure A was followed. 
To begin, 3 – 1,000 mL beakers were selected, and glass stirring rods were placed in the 
beakers. The beakers were weighed and recorded as the tare mass (C). The emulsion was stirred 
with a glass rod to achieve homogeneity. Next, the beakers were filled with 50 ± 0.1 grams of the 
asphalt emulsion, and a new mass was recorded and listed at the original mass (A). Following 
filling, the beakers were placed in the oven at 163°C ± 3.0°C for 3 hours total and stirred at each 
hour. Following the 3-hour process the beakers were removed from the oven, and the mass was 
recorded as the final mass (B). 





𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, % = 2(𝐴𝐴 − 𝐵𝐵) (7) 
where: 
A = Original mass (g) 
B = Final mass (g) 
 However, a more precise equation was used than the equation provided in ASTM D6934 
(2016). It is shown in Equation 8. 
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, % =   
(𝐵𝐵 − 𝐶𝐶)
(𝐴𝐴 − 𝐶𝐶) ∗ 100
(8) 
where: 
A = Original mass (g) 
B = Final mass (g) 
C = Tare mass (g) 
Sieve Test 
The sieve test (ASTM D6933-18, 2018) is used to determine the percent of oversized 
particles in an asphalt emulsion. If the particle size of asphalt emulsions is too large, the 
emulsion can be prevented from passing through spray nozzles and can cause pump stability 
issues (Kadrmas, 2006). 
 For this test, approximately 800 grams of emulsion was poured through a #20 sieve. The 
emulsion remaining on the sieve was washed with distilled water in a squeeze bottle then placed 




removal from the oven, the sample was weighed, and the percent residue was calculated using 
Equation 9 from ASTM D6933-18 (2018). 
𝑂𝑂𝑂𝑂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑂𝑂𝑟𝑟𝑟𝑟 𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟, % =  
(𝐵𝐵 − 𝐴𝐴)
(𝐶𝐶 − 𝐷𝐷) ∗ 100
(9) 
 where: 
 A = Mass of sieve and pan (g) 
 B = Mass of sieve, pan, and residue (g) 
 C = Mass of full sample container (g) 
 D = Mass of empty sample container (g) 
Rotational Viscosity 
Viscosity is a main test for asphalt emulsions, and there are two different methods for 
measuring the viscosity: Saybolt, and rotational. The rotational viscosity test (ASTM D7226-13, 
2017) was used for this research project. Viscosity is important in the application of the 
emulsion. In mix applications, the emulsion needs to have a low enough viscosity to coat 
aggregate, but it needs to be high enough to form a suitable layer of asphalt emulsion around the 
aggregate. In spray applications, the viscosity needs to be low enough to flow through the 
spraying apparatus, but high enough to not run off of the road (Kadrmas, 2006).  
 The test makes use of a rotational paddle viscometer. According to ASTM Standard 
D7226 (2017), the emulsion should first be poured through a #20 sieve to ensure there are no 
oversized particles present. However, this was not performed in this study due to issues with the 
emulsion being too thick to pass through the sieve. Therefore, the emulsion was poured directly 




The standard also states that the test should be conducted at the temperature 
corresponding to the emulsion grade set forth in ASTM Standard D2397 Specification for 
Cationic Emulsified Asphalt (2019). This means the CSS emulsion should have been tested at 
25°C and the CMS emulsion should have been tested at 50°C. However, the rotational paddle 
viscometer that was available for testing the viscometer does not conduct tests at 25°C. 
Therefore, both emulsions were tested at 50°C. 
Particle Size Analysis 
There is not a specified ASTM or AASHTO standard specification to follow to conduct a 
particle size analysis using a Coulter counter for emulsified asphalt. The process is discussed in 
greater detail in the section titled Detailed Methods for Particle Size Analysis. In general, for this 
set of tests two asphalt emulsion samples were taken, and three runs for each sample were 
conducted in the Beckman Coulter Multisizer 4.  
Raveling 
The raveling test (ASTM D7196-18, 2018) is a test used to quantify the curing of 
compacted CIR samples. The results can be used to determine how different mixtures and curing 
times affect return to traffic and resistance to weather damage. 
The CIR samples are batched, mixed, compacted, and cured. Following curing, the mass 
of the sample is recorded then abraded with a rubber hose on a Hobart HL120 mixer for 15 
minutes in accordance with the standard. Once the test is complete, the mass of the abraded 
sample is determined again, and the percent mass loss is calculated using the following equation 









A = Mass of sample before raveling (g) 
 B = Mass of sample after raveling (g) 
Indirect Tensile (IDT) Strength 
The IDT Strength test (ASTM D6931-17, 2017) was used to evaluate the tensile strength 
of laboratory-mixed CIR specimens. This test was chosen in order to gather information about 
the strength of the mix. While the raveling test could reveal the specimen’s resistance to raveling 
relative to other samples, it does not give a strength value. Specimens were batched, mixed, 
compacted, and cured before being tested. The height of the cured sample was then measured at 
two points approximately 90° apart and the average height was recorded. The specimen was 
loaded into the IDT strength apparatus and loaded to failure. The file recorded by the connected 
computer was then analyzed and the maximum load was recorded. The IDT strength was 
calculated as follows (ASTM D6931-17, 2017): 
𝑆𝑆𝑡𝑡 =
2000 ∗ 𝑃𝑃
Π ∗ 𝑃𝑃 ∗ 𝐷𝐷
(11) 
where: 
St = IDT strength (kPa) 
P = Maximum load (N) 




D = Specimen diameter (mm) 
Creating Cold In-Place Recycling (CIR) Samples 
To begin creating CIR samples, the RAP obtained from Sharp’s quarry in Springdale, 
Arkansas was dried in a laboratory oven for at least 48 hours at 60°C. Once the RAP had been 
dried, it had to be split to size for each batch. This was done by following ASTM C702 Standard 
Method for Reducing Samples of Aggregate to Sample Size (2018). The RAP was split using a 
mechanical splitter until the sample weight was close to the required weight for the test. Then the 
weight of the split sample was adjusted with a scoop until the required sample weight was 
achieved. The samples were then placed into a plastic 6-inch diameter concrete cylinder mold. 
Following batching, the samples were hydrated. This was done by first calculating the 
amount of water needed for each sample. The mix design approved by Paragon Technical 
Services, Inc. (PTSI) stated an amount of water equal to 6.8% of the dry RAP weight should be 
added. The amount of water required for each sample mass is provided in Table 10. Samples 
were hydrated at least 18-hours before being mixed, and the cylinders were sealed using a 
resealable bag and duct tape. Adding water 18-hours before testing is a step not mentioned in 
ASTM D7196-18 (2018). When cold in-place recycling is performed, the RAP is not dried 
before mixing unlike laboratory experiments. Adding water prior to mixing in the laboratory 
allows the RAP to reach a condition similar to an in-situ condition in the field before the mixing 
process beings. 
Table 10. Formulation for RAP Samples 
 
 
Test RAP (g) Water (g) Emulsion (g) Gyrations 
Raveling 2600 177 72 20 




According to the mix design, Type I/II portland cement equal to 0.5% of the dry RAP 
weight along with asphalt emulsion equal to 2.75% of the dry RAP weight should be added to 
the RAP. However, results from a small experiment evaluating the effect of using cement in CIR 
mixes led to the decision to not use cement for the experimental matrix to prevent the presence 
of cement masking the effect of the emulsion formulation on its performance. 
To mix the CIR samples, the RAP was placed into a metal bucket on a mixing stand. The 
mixer was turned on and the emulsion was added in a steady stream. The entire mixing process 
lasted for one minute. The sample was then transferred to a 6-inch diameter slotted Troxler mold. 
The sample was leveled with a spatula, and the top plate was placed on top of the sample. The 
sample was then placed inside the Troxler gyratory compactor, and the sample was compacted to 
the number of gyrations specified by the test. 
Following compaction, the samples were removed from the mold and placed in an 
environmental chamber at 25°C around 20-25% humidity. The samples cured for 4-hours on 
porous stones to allow water to efficiently exit the sample. This was a deviation from ASTM 
D7196-18 (2018). Previous conversations with industry professionals discussing the limited 
curing of samples on a flat nonporous surface led to the decision to deviate from the 
specification. 
Detailed Methods for Particle Size Analysis 
The following section details the steps followed to test the particle size using a Beckman 





One blank sample and two asphalt emulsion samples were created for each testing 
interval. To prepare the blank sample, 100 μL of the soap solution corresponding to the emulsion 
being tested was placed in an Accuvette vial. Then the vial was filled to the 10 mL mark with 
filtered electrolyte solution.  
To create the emulsion samples, 10 mL of the soap solution corresponding to the 
emulsion being tested was placed in a 15 mL plastic centrifuge tube. Then a mechanical pipette 
with a disposable pipette tip was used to gather a drop of emulsion on the tip, and it was stirred 
into the soap solution in the centrifuge tube. This sample was further diluted by obtaining 100 μL 
of the emulsion and soap solution and placing it in an Accuvette vial which was then filled to the 
10 mL mark with the filtered electrolyte solution.  
Isoton II was the default electrolyte solution, however, there where chemical 
incompatibility issues when it was added to the soap solution for the commodity CMS emulsion. 
Attempts were made to disperse the CMS emulsion directly into the Isoton II without the 
addition of the soap solution, but the emulsion did not disperse well. After consulting Beckman 
Coulter about the issue, a decision was made to use 0.1M hydrochloric acid (HCl) as the 
electrolyte for the commodity CMS emulsion. 
Another issue arose with the commodity CMS emulsion after switching to using HCl. 
Number counts were steep in the lower particle diameters, and analysis results were not 
desirable. After consulting with Beckman Coulter again, the recommendation was made to try 
not using the soap solution in the dilution process. This approached yielded good results. The 




of filtered HCl to a 15 mL plastic centrifuge tube. Then a mechanical pipette with a disposable 
pipette tip was used to gather a drop of emulsion on the tip, and it was stirred into the soap 
solution in the centrifuge tube. This sample was further diluted by obtaining 100 μL of the 
emulsion and soap solution and placing it in an Accuvette vial which was then filled to the 
10 mL mark with filtered HCl. The blank sample for the commodity CMS emulsion also 
changed. The blank sample was simply 10 mL of filtered HCl. 
The electrolyte solutions used were filtered with a 0.2 μm cellulose acetate filter. This 
filter was placed in a magnetic filter funnel which was attached to a Type II Class I filter flask 
that met the specifications of ASTM Specification E1406 (2016). Filtering the electrolyte 
solutions is important to the testing process because it eliminates noise in the lower particle 
diameters. 
Apparatus Preparation 
To begin preparing the Multisizer for testing, it was first turned on to allow time for 
stabilizing. Before each day of testing, the machine was subjected to a cleaning process in 
accordance with the User’s Manual (Beckman Coulter, 2008). The cleaning process consisted of 
four distinct phases. The four phases are cleaning with deionized water, cleaning with a bleach 
solution, cleaning with deionized water, and filling with filtered electrolyte. 
For the cleaning phases, the analyzer was drained then filled with either deionized water 
or the bleach solution according to the cleaning process. The bleach solution was one-part bleach 
and three-parts deionized water. The deionized water came from an Elga Purelab Flex portable 
water system. Each cleaning liquid was filled and drained from the Multisizer three times before 




Once the cleaning liquids were passed through the machine, the Multisizer was filled 
with the filtered electrolyte solution appropriate for the emulsion, and the system was flushed 
three times. 
Testing Samples 
Once the apparatus was cleaned, the tests could be run. There are four types of control 
modes: time, volumetric, total count, and modal count. For these tests, the time control mode was 
used with a testing time of 15 seconds. There are also multiple aperture sizes that can be used 
ranging from 10 μm to 2000 μm. These tests used the 20 μm aperture. The sample was placed on 
the sample tray and the platform was raised to the testing position with the aperture opening 
submerged in the Accuvette cup.  
To begin the test, the Preview procedure was selected, and the sample information was 
entered. As the concentration meter appeared, the sample concentration was checked to make 
sure the concentration was not rising above 10% per the recommendation of the User’s Manual 
(Beckman Coulter, 2008). The test was then started. The Multisizer performed the test for 15 
seconds. The process was repeated at least two more times, sometimes more in order to produce 
up to 6 runs total. Initially, only three runs for each sample were conducted, however, 6 runs 
began to be conducted for each sample due to the ease and quickness of the test.  
RESULTS AND DISCUSSION 
After conducting numerous tests using the Multisizer, questions arose on how runs 




Number versus Volume 
As mentioned before, Horiba (2012) detailed the importance of stating the basis of 
measurement when reporting statistical values of a particle distribution. Data collected during 
this experiment agreed with those results. Table 11 shows the difference between the statistics 
reported based on the basis of measurement. Figure 8 and Figure 9 show the visual differences 
between the number and volume bases of measurement. 






Volume % Mean S.D.
1 d10 d50 d90 Span 
(-) / (μm3) (%) (μm) (μm) (μm) (μm) (μm) (-) 
Number 1069 99.9 2.5 1.93 0.445 2.207 4.972 1.16 
Volume 29921 99.99 6.628 2.65 3.159 6.595 10.31 1.48 
1S.D. – Standard Deviation 
Emulsions statistics should be reported on a volume basis for two reasons. First, to 
maintain consistency with the asphalt emulsion community. In his document giving an overview 
of asphalt emulsions, Alan James (2006), provided a figure of a particle size distribution graph 
where the percent of total volume was related to particle diameter. His approach matched other 
researchers including Nuñez et al. (2000), Gingras et al. (2007), and Boucard et al. (2015). 
Second, using the reasoning of Horiba (2012), the volume basis provides a better representation 
of the physical distribution given a specified volume of emulsion. While a number distribution 
can give valuable information, a volume distribution provides a better visual representation of 
the distribution if it is thought about as a distribution of a fixed volume. Developing volume 






Figure 8. Number versus Particle Diameter 
 
Figure 9. Volume versus Particle Diameter 
Graph Smoothing 
The Multisizer software has the ability to provide size listings with varying levels of 






































shows the original particle size distribution for a given sample without smoothing. The figures 
below show a progression of the number of data points averaged together to create a smoother 
graph.  
In Figure 10, there appears to be several distinct rays from around 7 μm in diameter to the 
upper end of the x-axis. This corresponds to the number of particles counted for a given particle 
size diameter. The data points along the x-axis represent the sizes where 0 particles were counted 
for the given diameter. The first group above the x-axis corresponds to particle diameters where 
one particle was counted, and each ray following corresponds to one more particle counted than 
the last group. 
For each group with the same number of particles counted, a positive trend is apparent. 
This is because a particle with a larger diameter will have a larger volume. A larger volume in 
turn, accounts for a larger portion of the volume than particles with a smaller diameter. This 
causes the spike in the upper diameters in Figure 9. 
As the number of data points averaged together increases, the data produces a more 
aesthetically pleasing graph. The Multisizer software allows data smoothing up to 7 points 
averaged together. It is not clear why Beckman Coulter chose to limit the average to 7 data 
points, however, there must be a stopping point because a point would be reached where the 






Figure 10. Volume versus Particle Diameter with no Smoothing 
 













































Figure 12. Volume versus Particle Diameter Averaging Every Five Values 
 
Figure 13. Volume versus Particle Diameter Averaging Every Seven Values 
From the figures above, it is easy to see the visual effect of averaging data points together 
in order to produce a more fluid graph. Failing to employ data smoothing can result in cluttered 






































smoothed graphs may not be the most accurate, it provides figures with less variability to make 
comparing samples easier as seen in Figure 15. 
 
Figure 14. Cluttered Overlay Without Data Smoothing 
 










































Smoothness Due to Number of Particles Counted 
Another method to achieve a smoother graph is by increasing the number of particles 
counted and volume of particles measured. Figure 16 shows three different particle size 
distributions with varying number of particles counted. As shown in Table 12, the High number 
count included 18,352 particles, the Medium number count included 5,206 particles, and the 
Low number count included 569 particles.  
Table 12. Low, Medium, and High Number of Particles Counted and Volume of Sample 
Analyzed 
Sample Number Counted Volume of Sample Analyzed (μm3) 
Low 569 18,890 
Medium 5,206 72,410 
High 18,352 152,400 
 
 
Figure 16.  Smoothness of Distribution Due to Number of Particle Counted 
On the surface, it is easy to see as the number count increases, the graph is smoother. 
























count, the graph abruptly jumps on the y-axis compared to the other two samples. This is due to 
the power that a single, large diameter particle has compared to the total volume of the sample. 
In the lower count, a single 12 μm particle with a volume of 905 μm3 in a total volume of 
18,890 μm3 accounts for 4.8% of the total volume. In the higher count, a single 12 μm particle 
with a volume of 905 μm3 in a total volume of 152,400 μm3 accounts for 0.6% of the total 
volume. Reducing the power a single particle count can have on the distribution is critical to 
achieving graph smoothness. 
Because of this, a minimum number count or a minimum volume count is recommended 
in order to create smooth graphs representative of their sample. Based on Figure 16, it is 
recommended that at least 5,000 particles be counted after the blank run is subtracted, and at 
least 70,000 μm3 of the sample is analyzed for each run. 
Compromised Samples 
A common source of error in this study came from compromised samples. Samples were 
considered compromised if there was a spike in the lower particle diameters of the number graph 
after the blank was subtracted. An example of this is shown in Figure 17. On first thought, this 
seems potentially catastrophic to the analysis. While this could give inaccurate information 
regarding the number basis, it seems to have little impact on the percent of the total volume in 
Figure 18. 
Even though this impact is potentially minimal on the volume statistics, it would be best 
practice to only analyze distributions where the blank sample properly eliminates noise in the 
lower particle diameters. In order to minimize noise in the lower diameters, users should only 




solution used in an attempt to minimize the particle diameters of the soap solution below the 
measuring threshold for the apparatus. 
 
Figure 17. Number versus Particle Diameter Compromised Sample 
 


































Proposed Analysis Procedure 
Given the lessons learned from the plethora of tests conducted, the following is a 
recommended analysis procedure for asphalt emulsion data using a Beckman Coulter 
Multisizer 4. Along with this recommended procedure, a draft ASTM specification is also 
provided as an appendix to this document. 
To begin, the runs are opened in the software, the average blank run should be subtracted 
from each run. It is recommended that users conduct at least three runs with good results. In 
order to determine if the run is good, the runs should be overlaid with each other and analyzed. 
Removing a Bad Run 
During testing, blockages can occur in the aperture tube opening. This can be observed 
visually when runs are overlaid with one another in a number graph like in Figure 19. In Figure 
19 four runs were conducted for the CSS design emulsion sample 1. During the 3rd run, it 
appears the aperture tube experienced a blockage resulting in a high count of small diameter 
particles. While it may be easy to identify these variances visually, it does not provide a 
standardized, scientific method to decide when a run should not be considered due to it not being 
an accurate representation of the sample. In order to try to determine a statistical way to evaluate 
whether or not to remove a run, the overlay statistics were gathered and analyzed. These are 






Figure 19. Number Graph Overlay of a Blocked Run  
Table 13. Overlay Statistics for the Blocked Run 
Number 
Statistics 
Mean S.D.1 Variance Mode d10 d50 d90 Span 
µm µm µm² µm µm µm µm  
Run 1 2.524 1.258 1.582 2.792 1.189 2.319 3.965 1.197 
Run 2 2.526 1.255 1.574 2.521 1.207 2.325 3.968 1.188 
Run 3 1.065 1.196 1.431 0.405 0.41 0.515 2.781 4.604 
Run 4 2.505 1.224 1.499 2.542 1.2 2.303 3.905 1.175 
Avg 2.155 1.233 1.522 2.065 1.002 1.865 3.655 2.041 
C.V.2 (%) 33.70 2.40 4.70 53.90 39.40 48.30 16.00 83.73 
S.D.1 0.727 0.029 0.071 1.113 0.394 0.9 0.583 1.709 
Max 2.526 1.258 1.582 2.792 1.207 2.325 3.968 4.604 
Min 1.065 1.196 1.431 0.405 0.41 0.515 2.781 1.175 
1S.D. – Standard deviation  
2C.V. – Coefficient of variation 
The statistics are split into two parts. The top section evaluates each run by calculating 
the mean, standard deviation, variance, mode, d10, d50, d90, and span. The span was manually 
calculated given the other values and added to the overlay statistics. The bottom section 























values for each statistic between all the runs. Taking the mean for example, the average mean 
between the four runs is 2.155 μm, the coefficient of variation of the four means is 33.70%, the 
standard deviation of the means was 0.727 μm, the maximum mean was 2.526 μm, and the 
minimum mean was 1.065 μm. 
Upon inspection of the upper section of the table, the mean of Run 3 is 1.4-1.5 μm 
smaller than the rest of the runs. This along with the fact that the coefficient of variation for the 
mean is 33.70% is concerning. In an attempt to understand the impact Run 3 has on the data, it 
was removed, and the statistics were compared again. This is shown in Table 14. 
Table 14. Overlay Statistics Without Run 3 
Number 
Statistics 
Mean S.D. Variance Mode d10 d50 d90 Span 
µm µm µm² µm µm µm µm  
Run 1 2.524 1.258 1.582 2.792 1.189 2.319 3.965 1.197 
Run 2 2.526 1.255 1.574 2.521 1.207 2.325 3.968 1.188 
Run 4 2.505 1.224 1.499 2.542 1.2 2.303 3.905 1.175 
Avg 2.518 1.246 1.552 2.618 1.199 2.316 3.946 1.186 
C.V. (%) 0.50 1.50 3.00 5.70 0.80 0.50 0.90 0.95 
S.D. 0.011 0.018 0.046 0.151 0.0092 0.011 0.036 0.011 
Max 2.526 1.258 1.582 2.792 1.207 2.325 3.968 1.197 
Min 2.505 1.224 1.499 2.521 1.189 2.303 3.905 1.175 
1S.D. – Standard deviation  
2C.V. – Coefficient of variation 
The statistics shown in the bottom portion of Table 14 are significantly different than 
those shown in Table 13. For the mean, the coefficient of variance dropped from 33.70% to 
0.50%. This drop in the coefficient of variance is seen across all the statistical values gathered. 
Seeing these drops leads to the conclusion that the coefficient of variance between runs should 
be used to identify whether a run is considered accurate enough to be considered in the average. 




mean particle diameter using the number basis is less than 5%. If the coefficient of variation is 
above 5%, the run causing the high coefficient of variation should be removed, and another test 
shall be run to replace it. 
This is one of the only situations where it is recommended to use the number basis of 
measurement rather than using the volume basis of measurement. This is because the graphs in 
this study have shown a large amount of variation in the larger particle diameters of the volume 
basis. Using the number basis for this analysis will allow decisions to be made regarding the 
accuracy of a run while capitalizing on the minimal variability in the graphs. 
Combining Runs 
Once there are at least three good runs for a single sample, the data should be combined. 
This process can be using the Multisizer software, but it can also be done manually. To produce 
the average results manually, the size listing for each run is obtained from the software. The total 
particle counts for each diameter bin from the number basis is added and divided by the number 
of runs. The same happens for the volume of particles counted for each particle diameter bin. 
The result is an average number and volume of particles counted for each particle size bin. The 
result is distributions in either the number, percent of total number, volume, or percent of total 
volume. At this point, the samples can be compared with the other two samples. It is important to 





Figure 20. PB7 1-Day Sample 1 Runs with Combined Run Data 
Combining Samples 
A similar process should take place when combining samples. Rather than opening 
individual run files, the samples should be opened and overlaid. Similar to the runs, the overlay 
statistics should be analyzed for accurate runs. If the coefficient of variation of the mean particle 
size in the number basis is greater than 5%, the inaccurate run should be discarded, and a new 
sample should be created and tested. Once the user has at least three good samples, the samples 
can be averaged to produce a single sample representative of the asphalt emulsion. 
Reporting Results 
The Multisizer software can provide a plethora of statistics and meaningful values. 
However, reporting every value available would only result in clutter and chaos. In order to 
justify which statistics to report, RStudio was utilized. The ggpairs function from the GGally 
package was used to identify correlations between the results from the residue, sieve, rotational 

























d90, span, and standard deviation. The correlations are shown in Table 15, and the excel file read, 
input code, and output are shown in Appendix C: RStudio Input and Output. It is important to 
note, that although statistics are being used to make this recommendation, they should not be 
taken as definite conclusive values because the data used in this analysis was not a partial or full 
experimental design. At best, these correlations are general trends seen in the data.  
Table 15. Correlations (r) Between Tests and Particle Size Data 
  Mean d10 d50 d90 Span S.D.1 
Residue 0.417 0.382 0.416 0.466 -0.188 0.434 
Sieve 0.308 0.219 0.296 0.407 -0.0379 0.438 
Viscosity -0.548 -0.565 -0.543 -0.574 0.427 -0.474 
Raveling -0.137 -0.137 -0.0996 -0.164 0.124 -0.199 
IDT Strength -0.144 -0.114 -0.171 -0.196 -0.0395 -0.144 
1S.D. – Standard Deviation   
Table 16 shows the categories of the correlation strength based on its value. These ranges 
were based off the notes from Dr. John Tipton’s class STAT 4003: Statistical Methods at the 
University of Arkansas (2019). 
Table 16. Correlation Strength (Tipton, 2019) 
Strength Range 
Weak |r| < 0.4 
Moderate 0.4 < |r| < 0.7 
Strong |r| > 0.7 
  
 Using the information from Table 15 and Table 16, the correlations were grouped by 





Table 17. Correlations Grouped by Strength 
Weak 
|r| < 0.4 
Moderate 
0.4 < |r| < 0.7 
Strong 
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Based on this analysis, there was a moderate correlation between all the particle size 
parameters recorded and the viscosity results. This seems to support the idea that particle size 
could potentially be used to predict viscosity performance. Also, the mean, d50, d90, and standard 
deviation results displayed moderate correlations with the residue test results. This is an odd 
observation because in theory, the residue results should remain the same among the emulsions 
regardless of particle size. Lastly, the d90 and standard deviation displayed moderate correlations 
with the sieve test results. There were not any strong correlations observed in the analysis. 
However, it is not clear which value or values should be used to characterize the distribution. 
As mentioned before, Horiba (2012) suggests using more than one parameter to describe 
a particle size distribution. This can be done by providing d10, d50, and d90 values, Horiba’s span 
calculation, or standard deviation among other parameters. It is recommended that the guidance 




information regarding the tightness of the distribution like the span. The span also displayed a 
moderate correlation with the viscosity test suggesting its potential usefulness. 
Based on correlations, the mean and d50 values provided similar correlations. While the 
mean provided slightly better correlations, it can be more sensitive to outlier values in the 
distribution than the more robust d50 parameter which is influenced less by extreme observations 
(Diez, Barr, & Cetinkaya-Rundel, 2015). However, the d50 parameter is used in calculating the 
span. Because of this, it is not recommended to only report d50. Based on the correlations, 
information from Diez et al., and the recommendation from Horiba Instruments (2012) to report 
a value describing the distribution, it is recommended that at a minimum, the mean, d50, and 
span, all in the volume basis, should be reported in the final results to characterize the particle 
size distribution.  
CONCLUSION 
Across the United States, almost all of the paved roadways utilize an asphalt pavement 
surface. The abundance of asphalt in our country warrants the attention of researchers to make 
sure the money of taxpayers is being used to its full potential. Over time, flexible pavements will 
deteriorate, and it is to the economic advantage of the owner to preserve, maintain, and 
rehabilitate roadways. In order to use some of the treatments, asphalt emulsions must be used. 
There are many formulation parameters that influence the material properties of an 
asphalt emulsion including water quality, emulsifier type, emulsifier dosage, soap solution pH, 
and mill properties. These formulation parameters in turn influence the viscosity, residue 




Work has been conducted to evaluate the influence of emulsion particle size on its 
storage stability, but research lacks in relating the performance of an asphalt emulsion to its 
particle size. Research also lacks in the procedures for conducting particle size analyses for 
asphalt emulsions using a coulter counter and analyzing results.  
Eight emulsions were made and tested to help develop a recommended procedure for 
testing and analyzing test results along with a draft ASTM specification was produced. Among 
these procedures, several key recommendations were made. First, when analyzing an asphalt 
emulsion, 3 samples should be created, and each sample should be tested three times. Next, after 
subtracting the average blank from each run, the run should have a number count of at least 
5,000 particles and a total volume measured of at least 70,000 μm3.  
Next, when combining runs and samples, the coefficient of variation of the particle 
diameter mean in the number basis should be less than 5%. Also, when showing graphs or 
comparing data on graphs, it is recommended to show volume % versus particle diameter, and 
the graphs should be smoothed by averaging up to seven data points together.  
Finally, the ggpairs function was used in RStudio to identify potential correlations 
between particle size and the additional test results. The test identified moderate correlations 
between the viscosity test and the mean, d10, d50, d90, span and standard deviation of -0.548, -
0.565, -0.543, -0.574, 0.427, and -0.474 respectively. These moderate correlations support the 
idea that particle size could be used to predict viscosity. 
Based on the correlations between the original experimental matrix tests and the particle 
size analysis results, at a minimum, the mean, d50, and span should be reported in the volume 




analysis utilized data from an incomplete experimental matrix, and it should only be taken as 
general trends, not definitive results. 
This research exploring the best practices for using a Coulter counter for measuring the 
particle distribution of asphalt emulsions has only scratched the surface of the topic. 
Recommended topics for future work include: 
• Creating a correlation between results using Coulter counters and laser diffraction 
analyzers 
• Exploring the use of different control methods to characterize asphalt emulsion 
particle size, and identifying which is best 
• Identifying an approved electrolyte solution compatible with most asphalt 
emulsion soap solutions 
• Evaluate the influence of changing multiple formulation factors at the same time 
on particle size and other material properties 
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Appendix A: Draft ASTM Specification 




































Appendix B: Additional Results 
 The following tables show hourly results along with percent changes from the design 
emulsions. The following figures show various test results over time. 
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Table 18. 2-hour CSS Data 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS 262.6 13.8 49.5 4.926 2.391 4.240 8.683 1.484 2.43 
CSS_DH_PH_MH 446.3 14.3 66.7 4.794 2.331 4.110 8.490 1.499 2.40 
CSS_DL_PL_MH 128.1 14.0 56.5 5.185 2.405 4.608 9.044 1.441 2.51 
CSS_DL_PH_ML 55.3 17.0 53.1       
CSS_DH_PL_ML 801.9 22.0 31.1 3.934 1.965 3.291 7.153 1.576 2.13 
 
Table 19. 2-hour CSS Percent Different 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS 262.6 13.8 49.5 4.926 2.391 4.240 8.683 1.484 2.43 
CSS_DH_PH_MH 69.9% 4.0% 34.5% -2.7% -2.5% -3.1% -2.2% 1.0% -1.2% 
CSS_DL_PL_MH -51.2% 1.8% 14.1% 5.3% 0.6% 8.7% 4.2% -2.9% 3.3% 
CSS_DL_PH_ML -79.0% 23.2% 7.2%       
CSS_DH_PL_ML 205.4% 59.4% -37.2% -20.1% -17.8% -22.4% -17.6% 6.2% -12.3% 
 
Table 20. 1-Day CSS Data 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS 726.4 5.0 63.9 4.756 2.365 4.135 8.183 1.407 2.30 
CSS_DH_PH_MH 755.0 12.8 58.1 4.851 2.323 4.129 8.740 1.554 2.48 
CSS_DL_PL_MH 311.1 15.2 49.8       
CSS_DL_PH_ML 99.4 6.4 47.9 6.498 3.054 6.384 10.360 1.144 2.67 
CSS_DH_PL_ML 2646.0 21.2 36.7 3.967 1.964 3.298 7.318 1.623 2.16 
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Table 21. 1-Day CSS Percent Different 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS 726.4 5.0 63.9 4.756 2.365 4.135 8.183 1.407 2.30 
CSS_DH_PH_MH 3.9% 154.3% -9.1% 2.0% -1.8% -0.1% 6.8% 10.5% 7.8% 
CSS_DL_PL_MH -57.2% 202.5% -22.1%       
CSS_DL_PH_ML -86.3% 26.2% -25.1% 36.6% 29.1% 54.4% 26.6% -18.7% 16.1% 
CSS_DH_PL_ML 264.3% 321.1% -42.5% -16.6% -17.0% -20.2% -10.6% 15.4% -6.1% 
 
Table 22. 4-Day CSS Data 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS 3997.5 2.0 66.8 4.750 2.359 4.122 8.381 1.461 2.32 
CSS_DH_PH_MH 1634.0 17.4 67.2 4.711 2.322 4.065 8.320 1.476 2.30 
CSS_DL_PL_MH 1432.0   5.512 2.417 4.836 10.040 1.576 2.75 
CSS_DL_PH_ML 170.9 6.3 50.0 6.508 3.028 6.166 10.680 1.241 2.77 
CSS_DH_PL_ML 3892.0 21.0 32.1 4.045 1.966 3.308 7.638 1.715 2.27 
 
Table 23. 4-Day CSS Percent Different 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS 3997.5 2.0 66.8 4.750 2.359 4.122 8.381 1.461 2.32 
CSS_DH_PH_MH -59.1% 770.3% 0.5% -0.8% -1.6% -1.4% -0.7% 1.0% -0.9% 
CSS_DL_PL_MH -64.2%   16.0% 2.5% 17.3% 19.8% 7.9% 18.5% 
CSS_DL_PH_ML -95.7% 216.5% -25.1% 37.0% 28.4% 49.6% 27.4% -15.1% 19.4% 
CSS_DH_PL_ML -2.6% 950.5% -52.0% -14.8% -16.7% -19.7% -8.9% 17.4% -1.3% 
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Table 24. 7-Day CSS Data 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS  15.2 53.2       
CSS_DH_PH_MH 3221 13.7 75.9 4.710 2.326 4.080 7.393 1.242 2.31 
CSS_DL_PL_MH 2650.5 18.8 43.6       
CSS_DL_PH_ML 3634.5 7.5 67.1       
CSS_DH_PL_ML   24.5 52.2 3.893 1.956 3.273 6.73 1.459 2.09 
 
Table 25. 7-Day CSS Percent Different 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS  15.2 53.2       
CSS_DH_PH_MH  -9.4% 42.5%       
CSS_DL_PL_MH  24.2% -18.0%       
CSS_DL_PH_ML  -50.3% 26.1%       
CSS_DH_PL_ML   61.5% -2.0%             
 
Table 26. 2-hour CMS Data 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Comm CMS 76.1 22.3 29.9       
CMS_DH_PH_ML 78.3 24.1 29.1       
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Table 27. 2-hour CMS Percent Different 
  Viscosity Raveling IDT Mean Median d10 d50 d90 Span SD 
Comm CMS 76.055 22.345 29.9               
CMS_DH_PH_ML 2.9% 7.7% -2.6%        
CMS_DH_PL_MH 396.0%   -44.9%               
 
Table 28. 1-Day CMS Data 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Comm CMS 69.4 23.4 29.7 7.030 3.222 6.888 11.020 1.132 2.88 
CMS_DH_PH_ML 126.8 22.4 22.0       
CMS_DH_PL_MH 1753.5 24.7 27.0 4.877 2.375 4.285 8.370 1.399 2.34 
 
Table 29. 1-Day CMS Percent Different 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Comm CMS 69.4 23.4 29.7 7.030 3.222 6.888 11.020 1.132 2.88 
CMS_DH_PH_ML 82.6% -4.0% -25.9%       
CMS_DH_PL_MH 2425.6% 5.7% -9.0% -30.6% -26.3% -37.8% -24.0% 23.6% -18.8% 
 
Table 30. 4-Day CMS Data 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Comm CMS 189.8 22.1 31.5 6.904 3.333 6.751 10.940 1.127 2.70 
CMS_DH_PH_ML 284.1 18.0 29.3       
CMS_DH_PL_MH 2181.0   25.6 5.284 2.428 4.785 8.980 1.369 2.52 
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Table 31. 4-Day CMS Percent Different 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Prop CSS 189.8 22.1 31.5 6.904 3.333 6.751 10.940 1.127 2.70 
CMS_DH_PH_ML 309.1% -22.9% -1.4%       
CMS_DH_PL_MH 3041.3% -100.0% -13.8% -24.8% -24.6% -30.5% -18.5% 20.9% -12.5% 
 
Table 32. 7-Day CMS Data 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Comm CMS 752.1 22.6 20.0       
CMS_DH_PH_ML 511.8 37.2 13.9       
CMS_DH_PL_MH 2452.0 23.4 27.5             
 
Table 33. 7-Day CMS Percent Different 
  Viscosity Raveling IDT Mean d10 d50 d90 Span SD 
Comm CMS 752.1 22.6 20.0             
CMS_DH_PH_ML 637.1% 59.0% -53.2%       




   
 
Figure 21. Proprietary CSS Viscosity Over Time 
 
















































   
 
Figure 23. Proprietary CSS IDT Strength Over Time 
 

























































   
 
Figure 25. Proprietary CSS Span Over Time 
 












































   
 
Figure 27. Commodity CMS Viscosity Over Time 
 













































   
 
Figure 29. Commodity CMS Raveling Over Time 
 

















































   
 
Figure 31. Commodity CMS Span Over Time 
 









































   
Appendix C: RStudio Input and Output 
The following images show the RStudio input, initial excel table used in the analysis and 
RStudio output of the ggpairs function. 
 










Figure 35. RStudio Output from ggpairs Function 
 
